Hybrid breeding in barley (Hordeum vulgare L.) offers great opportunities to accelerate the rate of genetic improvement and to boost yield stability. A crucial requirement consists of the efficient selection of superior hybrid combinations. We used comprehensive phenotypic and genomic data from a commercial breeding program with the goal of examining the potential to predict the hybrid performances. The phenotypic data were comprised of replicated grain yield trials for 385 two-way and 408 three-way hybrids evaluated in up to 47 environments. The parental lines were genotyped using a 3k single nucleotide polymorphism (SNP) array based on an Illumina Infinium assay. We implemented ridge regression best linear unbiased prediction modeling for additive and dominance effects and evaluated the prediction ability using five-fold cross validations. The prediction ability of hybrid performances based on general combining ability (GCA) effects was moderate, amounting to 0.56 and 0.48 for two-and three-way hybrids, respectively. The potential of GCA-based hybrid prediction requires that both parental components have been evaluated in a hybrid background. This is not necessary for genomic prediction for which we also observed moderate cross-validated prediction abilities of 0.51 and 0.58 for two-and three-way hybrids, respectively. This exemplifies the potential of genomic prediction in hybrid barley. Interestingly, prediction ability using the two-way hybrids as training population and the three-way hybrids as test population or vice versa was low, presumably, because of the different genetic makeup of the parental source populations. Consequently, further research is needed to optimize genomic prediction approaches combining different source populations in barley.
H
ybrid barley is of increasing importance in Europe, with substantial market share in Germany, France, and the United Kingdom. In Germany, winter hybrid barley was sown on more than 140.000 ha in 2015, which reflects 11.6% of the total feed barley area (Gunther Stiewe, personal communication, 2015) . Farmers profit from growing hybrid barley because of the more pronounced yield stability and higher grain yield compared with inbred lines (Mühleisen et al., 2013a (Mühleisen et al., , 2013b (Mühleisen et al., , 2014 . The breeding companies profit from an improved return of investment due to a built-in plant cultivar protection, which can then be reinvested to breed novel improved varieties (Longin et al., 2012) .
The efficient selection of superior hybrid combinations represents a crucial requirement for successful hybrid barley breeding. Promising parental lines can be efficiently selected based on their GCA effects (Bernardo 2010) . A less reliable alternative approach is the selection based on midparent values especially for complex traits such as grain yield (Hallauer et al., 2010) . The potential of both approaches were evaluated by Mühleisen et al. (2013a) using data from multienvironmental trials comprising 124 barley hybrids produced using cytoplasmic male sterility (CMS) together with their parental lines:
Abilities to predict the hybrid performances based on midparent values or GCA effects were low. Thus, an urgent need exists to implement improved methods to predict the hybrid performance in barley such as genomic prediction (Meuwissen et al., 2001) .
Since genomic prediction was introduced in plant breeding, its ability to predict GCA effects or hybrid performances has been evaluated in several studies for different traits and crops (for review, see Zhao et al., 2014) . For barley, a selfing species, studies on the potential of genomic prediction of hybrid genotypes are still missing. Additionally, the relevance of three-way crosses in barley hybrid breeding makes hybrid prediction more demanding compared with previous studies focusing most often on predicting two-way crosses.
This motivated us to investigate the prospects of grain yield prediction in a commercial barley hybrid breeding program. Our objectives were to (i) investigate the grain yield potential of barley hybrids in contrast with parents and advanced inbred lines, (ii) evaluate the ability to predict hybrid performance based on GCA effects through combined analyses of two-and threeway hybrids, and (iii) examine the potential and limits of genomic prediction for hybrid performances in barley.
Materials and Methods

Plant Materials and Field Experiments
The data set comprised yield tests performed in the hybrid barley program of Syngenta AG, Basel, Switzerland. The data was structured into different trials, that is, field evaluations of a set of genotypes across environments, which is defined as combination of location and year. A trial included 25 to 30 entries and was repeated up to three times at each environment. Trials were connected through up to eight common checks. The trial designs at the environments were randomized complete block (RCB) or lattice design (LAT). Plot sizes ranged from 6.9 to 19.8 m 2 , and sowing density varied from 200 to 225 seeds m -2 for hybrids and 270 to 325 seeds m -2 for lines depending on local growth practice and optimized Syngenta growing protocols for hybrids.
The data set consisted of 47 trials with 166 trial ´ environment combinations and 859 genotypes, tested at 22 locations, during 3 yr for a total of 10,700 yield plots. The genotypes were grouped into advanced inbred lines, male lines, female lines, two-way hybrids, and threeway hybrids. The genotypes consisted of 15 female lines, 16 male lines, 35 advanced inbred lines, 385 two-way hybrids, and 408 three-way hybrids. All entries were sixrow winter barley genotypes.
The hybrids were produced using a CMS system. Three-way hybrids were generated as:
where female1 belongs to a pool with CMS lines, female2 is a maintainer line with different germplasm or an advanced inbred line without restorer genes, and male belongs to a pool of genotypes carrying restorer genes guaranteeing fertility of hybrid plants. In terms of twoway hybrids, female2 is the corresponding maintainer line to female1 with identical germplasm. The male and female pools have been developed in the past decade based on combining ability data gathered in field trials.
Estimation of Relevant Quantitative Genetic Parameters
We performed unweighted two-step analyses of the phenotypic data. At first, we analyzed all trials at a certain environment. We combined RCB and LAT designs, with replicated and unreplicated data, as well as single and multiple trials per environment using the three binary dummy variables D Block , D Rep , and D Trial , respectively. The dummy variables coded absence (0) or presence (1) of blocks, replications, and trial effects following Piepho et al. (2006) . We analyzed the grain yield data by fitting following linear mixed model:
where y ijkl is the grain yield of the ith genotype in the jth trial in the kth replication within the lth block, µ is the intercept, g i the effect of the ith genotype, t j is the effect of jth trial, r jk is the effect of kth replication in jth trial, b jkl is the effect of lth block in kth replication within jth trial, and e ijkl is the error of y ijkl . For simplicity, we suppressed the dummy variables from Eq.
[1]. Trial, replication, and block were assumed to be random effects. Genotype was set as fixed effect to estimate best linear unbiased estimates (BLUEs). For estimation of variance components, the genotype effect was also set as random.
The variance components were used to estimate the repeatability of each environment as: divided by mean of n across all environments was used as predefined error variance at the second step to deduce genotype by environment interactions.
In the second step, BLUEs of the first step were used to estimate BLUEs across environments fitting the following model:
where y ij is the grain yield of the ith genotype in jth environment, µ the general mean, g i the effect of the ith genotype, u j the effect of jth environment, and e ij is the error of y ij . To estimate BLUEs across environments, genotypes and environments were treated as fixed and random effects, respectively. to the error variance, and E to the average number of environments where the group genotypes were tested.
We further partitioned the genotypic value of hybrid genotypes (c jk ) in Eq. [4] into general (GCA) and specific combining ability (SCA) effects. Melchinger et al. (1987) suggested the following decomposition for three-way hybrids:
where C flm is the genotypic value of the hybrid that arose from cross of the mth male with the lth female2 and fth female1, g f the GCA effect of fth female1, g f the GCA effect of lth female2, g m the GCA effect of mth male, S fm the SCA effect of mth male and fth female1, and S lm the SCA effect of mth male and lth female2. We used Eq. [6] to analyze two-and three-way hybrids together considering also environmental effects. We assumed that the variance of g f and g l as well as that the variance of S fm and S lm are identical. The degree of inbreeding (F) differed for female parents of two-way crosses (F = 1) and three-way crosses (F = 0). We considered these differences when estimating the variance component of a mixed population of two-and three-way hybrids by using predefined design matrices for the GCA effects of the females and SCA effects (Supplementary Information S1). The results of jointly analyzing two-and three-way hybrids were compared with the GCA/SCA model focusing exclusively on the two-way or three-way hybrids. The nonorthogonal factorial mating design hampered the implementation of a five-fold cross validation study for GCA prediction. Instead, we performed a leave-one-out validation described by Schrag et al. (2009) . Briefly, in each cycle the GCA effects of parental lines were estimated based on a reduced dataset, excluding the hybrid under evaluation. The sums of parental GCA effects of excluded hybrids were correlated with their observed hybrid performance. The leave-one-out validation requires multiple tested parents; that is, a parent must be tested in at least two different hybrid combinations. Therefore the validation could only be applied to a subset of 633 out of 793 twoand three-way hybrids in total.
Significances of variance components were tested with the likelihood ratio test. All linear mixed models were implemented using ASReml-R (Gilmour et al., 2009 ).
Genomic Data
From 315 barley lines included in the phenotypic data set, either as an advanced inbred line or parent of a hybrid, 289 (20 advanced inbred lines, 213 male lines, 56 female lines) were genotyped by a 3k SNP array based on an Illumina Infinium assay (Illumina Inc., San Diego, CA). Hence, marker information could be deduced for 724 out of 793 yield-tested two-and three-way hybrids. Markers were excluded if missing values were >5%. For the remaining 1536 SNP markers, missing marker data were imputed (Howie et al., 2009 ). We estimated the allele frequencies of each marker and calculated the Rogers' distances (Rogers, 1972) among all pairs of genotypes. The Rogers' distance matrix was used to study the population structure by performing a principal coordinate analysis.
Genomic Prediction
We used ridge regression best linear unbiased prediction (RR-BLUP) to estimate additive and dominance effects for each marker. Briefly, design matrices for additive and dominance effects were deduced from parent marker information for 363 two-and 361 three-way hybrids. BLUEs across environments of these hybrids were used as phenotypic values. Details of the implementation of the models have been described in Zhao et al. (2013) . All statistical procedures for the genomic prediction approaches were executed in R (R Development Core Team, 2010) .
The ability of the prediction of the hybrid performance based on RR-BLUP was evaluated applying fivefold cross validation, that is, a random sample of 80% of hybrids were used as training set to predict the performance of the remaining 20% of hybrids as a test set. Random sampling was repeated 100 times for each validation scenario. Prediction ability was estimated as the Pearson's correlation coefficient between the observed and the predicted hybrid performance. We applied five-fold cross validation within pools of two-way hybrids, threeway hybrids, and two-and three-way hybrids together, respectively, as well as among the three pools. In case of predicting from two-way hybrid to three-way hybrids and vice versa, we did independent validations, that is, all two-way hybrids were used as the training set and all three-way hybrids as the test set, or the other way around.
To compare the potential of phenotypic prediction based on GCA effects versus genomic prediction in our data set, we used a subset of 576 two-and threeway hybrids with multiple tested parents and available marker data to perform a leave-one-out validation for both phenotypic and genomic prediction.
In addition to the genomic prediction of hybrid performance, we also examined the ability to predict the GCA effects of the parental components for the combined population of two-and three-way hybrids. The prediction ability was again evaluated applying five-fold cross validation.
Results
Analysis of Population Structure Revealed Two Genetically Distinct Subpopulations
The distribution of minor allele frequencies (MAFs) of the 1536 SNPs showed a clear skewness toward rare alleles with an average MAF of 0.15 (Supplemental Fig.  S1 ). The first and second principal coordinates explained 11.2 and 6.2% of the molecular variation, respectively (Fig. 1) . The 289 lines were structured into two genetically distinct and one intermixed subpopulation with respect to the first and second principal coordinates: (i) The first subpopulation comprised female CMS lines, (ii) the second subpopulation included male restorer lines, (iii) the third group of lines were exclusively used as female parental component of three-way crosses and clustered in between the CMS and restorer lines. The male lines were more related to each other than female lines (Supplemental Fig. S2 ). In contrast, there were no obvious differences in relatedness between parents used in two-and three-way hybrids.
Comprehensive Field Evaluation Resulted in High Heritability Estimates for Grain Yield
The estimates of repeatability for the 47 single environments were high, with an average of 0.71 and a range between 0.38 and 0.92 (Supplemental Fig. S3 ). The phenotypic data analysis across environments resulted in high heritability estimates for the full data set, amounting to 0.69 with a minimum of 0.47 for male lines and a maximum of 0.77 for female lines (Table 1) . As expected, by inspecting Eq. [5], heritability was boosted by a large number of test environments: The largest proportion of genotypes was tested in up to five environments, and some checks were evaluated in up to 43 environments (Supplemental Fig. S4A ).
Variance Components Were More Pronounced for General Than for Specific Combining Ability Effects
Genotypic variances, 2 G s , were significantly (P < 0.05) larger than zero for the population of advanced inbred lines or hybrids, but not for female or male parent lines (Table 1) . Three-way hybrids had a slightly larger s s were significantly (P < 0.001) larger than zero for both two-way and three-way hybrids (Table 2 ). We again observed that the three-way hybrids had larger variance components than two-way hybrids. Nevertheless, approximating the confidence intervals of the variance components by using twice their standard errors revealed that only ( ) 2 GCA ×E female s differed significantly (P < 0.05) between two-and three-way hybrids. The ratio of 2 2 SCA GCA / s s amounted to 0.10 and 0.21 for two-way-and three-way population, respectively, and was slightly higher than that for the joint population (0.08).
Hybrids Outperformed Their Parents and Advanced Inbred Lines
We observed a broad range for the BLUEs of grain yield across environments according to the different germplasm groups (Fig. 2) . Hybrids significantly (P < 0.001) outyielded inbred lines. The grain yield performance of the populations of two-and three-way hybrids did not differ significantly (P < 0.001) and averaged 9.00 Mg/10,000 m 2 . for advanced inbred lines again without significant differences among germplasm groups.
Hybrid Performance Can Be Reliably Predicted based on GCA Effects and Use of Genomic Prediction
The nonorthogonal factorial mating design with 44% of the parents tested in only one hybrid ( Supplementary Fig.  S5 ) hampered the implementation of five-fold cross validation for examining the prediction ability of the hybrid performance using GCA effects. Leave-one-out validated prediction ability was moderate amounting to 0.56, 0.48, and 0.54 for the populations of two-, three-way, and combined two-and three-way hybrids, respectively. For genomic prediction, we implemented a five-fold cross validation and observed moderate prediction abilities of 0.51, 0.58, and 0.54 within the populations of two-, three-way, and combined two-and three-way hybrids, respectively (Table 3) . Since the final goal of a breeder is to identify the best performing genotype, we additionally examined for each test set how often the hybrid with the highest observed yield also presented the highest predicted performance. For the combined population of two-way and three-way hybrids, this congruence occurred in 90% of the cross validation runs.
Independent validation, using the two-way hybrids as the training population to predict the performance of the three-way hybrids, revealed very low prediction ability of 0.09. In contrast, prediction ability was considerably larger (0.30) using the three-way hybrids as the training population to predict the performance of the two-way hybrids.
The comparison of phenotypic and genomic prediction based on a shared set of 576 two-and three-way hybrids using leave-one-out validation again revealed Table 1 . First and second degree statistics † for grain yield (Mg/10,000 m 2 ) as well as the number of environments and genotypes for advanced inbred lines (Lines), male lines (Male), female lines (Female), two-way hybrids (2-Way), three-way hybrids (3-Way), combined population of 2-Way and 3-Way (2/3-Way), and the population of all genotypes (Total). Table 2 . Variance components (s 2 ) for environment (E), general combining ability (GCA), specific combining ability (SCA), and interaction effects, as well as residuals, † estimated for grain yield (Mg/10,000 m 2 ) for two-way hybrids (2-Way), three-way hybrids (3-Way), and a combined population of two-and three-way hybrids (2/3-Way). 
GCA of Parental Components Can Be Reliably Predicted
The prediction ability for the GCA effects estimated applying five-fold cross validation amounted to 0.42. We again studied the congruence between the best observed and best predicted GCA effects for each test set. The line with the highest GCA ranked first in 67% of the crossvalidation runs according to its predicted performance.
Discussion
Hybrid barley is a success story in Europe: The area of seed propagation increased from 400 ha in 2007 to nearly 11,400 ha in 2015, corresponding to a growth rate of 45% (Gunther Stiewe, personal communication, 2015) . This highlights the prospects of hybrid breeding in self-pollinating species. One crucial factor for the long-term success of hybrid versus line breeding consists in an efficient selection of superior hybrid combinations (Longin et al., 2012) . This motivated us to study the potential of different hybrid prediction approaches using genomic and phenotypic data of the Syngenta hybrid barley breeding program.
Hybrid barley breeding at Syngenta has been initiated in 1994 on the basis of a CMS system (Longin et al., 2012) . The molecular analysis of the parental barley lines revealed presence of two genetically distinct germplasm pools (Fig.  1) . The male and female pools are characterized by the presence or absence of restorer genes and form the basis to develop two-way hybrids. In addition, a third pool is used for breeding three-way crosses, reflecting the strategy to couple hybrid breeding activities with ongoing line breeding, at least in the establishment phase of hybrid barley breeding. This population structure has to be kept in mind when interpreting the potential of hybrid prediction.
Hybrids Outperformed Inbred Lines in Terms of Grain Yield and Yield Stability
Previous studies reported that the first generation of barley hybrids outperformed their parents by approximately 1 Mg/10,000 m 2 (Mühleisen et al., 2013a) . Moreover, reanalyses of official variety testing data revealed that barley hybrids significantly outperformed advanced released inbred line varieties (Mühleisen et al., 2014) . In accordance with these results, we observed that barley hybrids outperformed their male parents by approximately 0.80 Mg/10,000 m 2 , female parents by 0.95 Mg/10,000 m 2 and advanced inbred lines by 0.73 Mg/10,000 m 2 in Syngenta internal trials again (Fig. 2) . The advanced inbred lines used in our study comprised a sample of released varieties used as checks in official variety testing. This allowed estimating commercial heterosis as another criterion to study the potential of hybrids versus pure line varieties. We observed that 75% of the two-way and 77% of the three-way hybrids outperformed 'KWS Meridian' which was the highest-yielding check variety in the official variety tests in Germany in 2013. Consequently, our findings confirm the yield advantage of barley hybrids pointing to a competitive selection gain of hybrid compared with line breeding.
The analyses of variance illustrates that the interaction variance s
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× , which is also referred to stability variance (Mühleisen et al., 2013b) , was substantially higher for advanced inbred lines compared with hybrids (Table 1 ). This indicates a higher yield stability of hybrids and is again in accordance with previous surveys which intensively studied yield stability in barley (Mühleisen et al., 2013b; Mühleisen et al., 2014) . In contrast to Müh-leisen et al. (2013b) , we observed lower yield stability of three-way hybrids compared with two-way hybrids. Nevertheless, the current study and the work of Mühleisen et al. (2013b) are not directly comparable because of the different biometric approaches and differences in phenotyping intensity (Supplemental Fig. S4B ). The latter is in particular of importance as Mühleisen et al. (2014) suggested that at least 40 environments are needed to reliably portray yield stability of individual genotypes.
High Prediction Ability of Hybrid Performance based on GCA Effects
Predicting hybrid performance based on general combining ability effects is a common practice in hybrid breeding (Bernardo 2010) . Based on quantitative genetic theory, it has been shown that genetically distinct heterotic groups decrease the 2 2 SCA GCA / s s ratio, supporting GCA-based hybrid prediction (Reif et al., 2007) . These findings were confirmed in experimental studies by, for instance, Fischer et al. (2009) using 210 single-cross triticale hybrids. The two-way hybrids in our study are based on genetically distinct male and female pools (Fig. 1) Table 3 . Prediction abilities of genomic prediction within and between populations of two-way hybrids (2-Way), three-way hybrids (3-Way), and a combined population of two-and three-way hybrids (2/3-Way) for grain yield (Mg/10,000 m 2 ). previous findings for grain yield in maize ( 2 2 SCA GCA / s s = 0.14, Technow et al., 2014) 1 ) which are absent in wheat (Würschum et al., 2013) . This last point underlines the need to develop heterotic groups for successful hybrid breeding (Zhao et al., 2015) . The prediction ability of hybrid performances based on GCA effects observed in our study was higher (r = 0.56) than reported previously for barley (r = 0.38; Müh-leisen et al., 2013a) . This difference can be explained by the use of a 6.4-times larger population size (Table 1) in contrast to Mühleisen et al. (2013a) . Interestingly, the prediction abilities of the two-way (r = 0.56) and threeway hybrids (r = 0.48) were comparable in our study despite the differences in 2 2 SCA GCA / s s ratios ( Table 2 ). The comparable prediction abilities can be explained by the nonorthogonal factorial mating design of two-and three-way hybrids (Supplemental Fig. S5) .
We merged the populations of the two-and three-way hybrids to enhance the average amount of hybrids per parent to minimize the nonorthogonality of the factorial mating design in our study. However, the effect of this approach might be low because both populations shared only 5% of female and 36% of male parents. In the merged population, a female parent contributed to 16.7 hybrids on average compared with 6.4 for two-way or 20.4 for threeway hybrids. A male parent contributed, on average, to 3.6 hybrids compared with 4.0 for two-way or 2.0 for threeway hybrids. Merging the populations resulted in an intermediary hybrid prediction ability of r = 0.54, which shows that combined analyses is useful, even with less shared parents between populations. Nevertheless, it is important to note that these prediction abilities are slightly overestimated due to the use of leave-one-out instead of five-fold cross validation (Shao, 1993) . The latter was not applicable because of the nonorthogonal factorial mating design.
Genomic Prediction is a Promising Tool for Hybrid Barley Breeding
Several studies evaluated the potential of genomic prediction of hybrid performance for different traits in maize, sugar beet, and wheat (for review see Zhao et al., 2014) . Most studies focused, however, on test cross performance, and only a few studies predicted grain yield of two-way hybrids (e.g., Massman et al., 2012; Technow et al., 2014; Zhao et al., 2013 Zhao et al., , 2015 . Previous studies often standardized the prediction ability with the square root of the heritability, which is denoted as prediction accuracy. This was considered when comparing our findings with previously published results. Moreover, we focused on genomic prediction in and between populations of two-and three-way hybrids, ignoring different degrees of relationships between training and test populations due to the nonorthogonal factorial design (Supplemental Fig. S5) . Schrag et al. (2009) suggested to distinguish three types of relationship scenarios for factorial crosses which have often been used in previous studies (e.g., Gowda et al., 2013; Massman et al., 2012; Technow et al., 2014; Zhao et al., 2013) : In the T2 scenario, performances are predicted for hybrids for which both parents are used for hybrids in the training set; in the T1 scenario, performances are predicted for hybrids for which only one single parent is used for hybrids in the training set; in the T0 scenario, performances are predicted for hybrids which parental components are not used for hybrids in the training set. We tested a mix of all three scenarios and thus, decided to compare our findings with the T1 scenario, which is often lying in between the prediction ability of the T0 and T2 scenario (e.g., Technow et al., 2014) . Massman et al. (2012) evaluated genomic prediction of grain yield performance based on 479 two-way hybrids between Iowa Stiff Stalk Synthetic and non-Stiff Stalk Synthetic inbreds, resulting in cross validated prediction accuracy of 0.75 for BLUP and 0.73 for RR-BLUP in the T1 scenario. Technow et al. (2014) investigated 1254 two-way maize hybrids between Dent and Flint lines applying GBLUP (genomic best linear unbiased prediction) and BayesB (see Meuwissen et al., 2001) , and observed the same cross-validated prediction accuracies of 0.86 in the T1 scenario. These studies demonstrated the great value of genomic prediction as a tool to predict the hybrid performances in the outcrossing species maize and suggested that the applied genomic prediction model plays only a minor role. Zhao et al. (2013) investigated the opportunities of genomic prediction in the selfing species wheat in a population of 90 two-way hybrids using five-fold cross validation and observed a maximum prediction accuracy of 0.63 which was lower than that in the studies in maize (Massman et al., 2012; Technow et al., 2014) . In accordance with this, Zhao et al. (2015) observed for a large hybrid wheat data set comprising 1604 single-crosses a prediction accuracy of 0.65 for the T1 scenario. This indicates that predicting hybrid performance with genomic prediction is less accurate for selfing as compared with outcrossing species. In contrast, we observed high prediction accuracies with values up to 0.83 within the population of three-way crosses, which clearly underlines the potential of genomic prediction also for the selfing species barley. The higher level of prediction accuracy in barley can be explained by the presence of genetically distinct parental pools (Fig. 1) in comparison with wheat regarding absence of divergent subpopulations.
While the prediction ability is an important criterion to study the usefulness of genomic prediction, breeders are also interested in how many top individuals can be identified based on genomic prediction (Bassi et al., 2016) . Our findings clearly showed that the top hybrid (GCA + SCA) or parental component (GCA) can be identified reliably (in 90% of the cross validation runs for GCA + SCA and in 67% of the cross validation runs for GCA) applying genomic selection. These findings further substantiate the usefulness of genomic selection for hybrid barley breeding.
Heterotic Pool Concept Strongly Impacts Prediction Ability
Barley hybrids are generated as two-or three waycrosses. We have shown in our study that the prediction ability of genomic prediction is not hampered for threeway compared with two-way crosses. Nevertheless, the different genetic constitutions of two-and three-way crosses resulting from the subpopulation structure of the parental lines (Fig. 1) impairs the transfer of genomic prediction model. Prediction ability across populations from three-and two-way crosses dropped down to 0.30 or 0.09 using three-or two-way hybrids as training sets, respectively (Table 3 ). This clearly highlights the needs to establish representative training populations for hybrid prediction with a combined population of two-and three-way hybrids being a promising approach.
Potential of Phenotypic vs. Genomic Prediction is Comparable
Comparing the abilities of phenotypic (0.54) and genomic prediction (0.56) based on the same set of twoand three-way hybrids (576 hybrids) using leave-one-out validation revealed similar results. While prediction ability for phenotypic prediction stayed stable by using only a smaller set for validation, the prediction ability for genomic prediction increased from 0.54 to 0.56. This could be because the leave-one-out validation is less strict in contrast to five-fold cross validation.
Conclusion and Future Prospects
We confirmed yield and yield stability advantages of barley hybrids compared with their parents and advanced inbred lines. Moreover, we demonstrated that GCA-based hybrid prediction was feasible with moderate prediction ability, suggesting GCA-based prediction as a useful tool in hybrid barley breeding. Additionally, we outlined a useful approach for combined GCA-analysis of two-and threeway hybrids. Genomic prediction for hybrid grain yield performance is also an attractive approach in particular for inbreds for which no phenotypic data is available. Integrating genomic prediction into applied hybrid barley breeding programs can profit from further refinement of the genomic prediction approaches considering the presence of the distinct subpopulations. This will facilitate simultaneous genomic prediction for two-and three-way hybrids.
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